An alternative, friendlier methodology for the determination of the average manganese valence (ν) of manganese oxides (mainly pure and doped spinels) is presented. This methodology is based on the facile determination of the concentration of Mn 2+ and Fe 2+ ions by atomic absorption spectrometry (AAS) and molecular absorption spectrophotometry (MAS), respectively. Prior to this determination, the manganese oxides are reacted with an acidic solution containing Fe 2+ ions, when all Mn ν+ ions are reduced to Mn
Introduction
In the last decade, the popularization of portable electronic devices has increased, leading to a growing demand for lithium ion batteries (LIBs). In this scenario, some oxides have been targeted for studying and testing as cathode materials in LIBs; the spinel lithium manganese oxide (Li x Mn 2 O 4 ) is one of these oxides. 1, 2 The use of this spinel is favored by factors such as the manganese abundance, non-toxicity, and low cost, as well as the possibility of insertion of two lithium ions per formula unit. 3 When 0 ≤ x ≤ 1, Li x Mn 2 O 4 provides a theoretical specific capacity of 148 mA h g -1 and a potential of 4 V vs. Li/Li + , related to the insertion/extraction processes of Li + ions into/from the spinel structure. When 1 ≤ x ≤ 2, the theoretical specific capacity is 296 mA h g -1 and the potential is 3 V vs. Li/Li + . 4 Furthermore, the preparation of the spinel Li x Mn 2 O 4 is easy, being usually done by solidstate reaction 5, 6 between compounds containing Li (LiOH, LiCO 3 ) and Mn (MnO 2 , Mn 2 O 3 , Mn 3 O 4 , MnCO 3 ).
On the other hand, the spinel Li x Mn 2 O 4 presents some disadvantages and the most important among them is the specific capacity loss that occurs during successive charge-discharge cycles, particularly at temperatures higher than 55 °C. 7 This capacity loss is usually correlated with the (i) Jahn-Teller effect, which occurs mainly during charge-discharge at 3 V vs. Li/Li + , 3, 8 (ii) manganese dissolution caused by the disproportionation reaction 2Mn 3+ (s) → Mn 4+ (s) + Mn 2+ (slv), 3, 9 and (iii) instability of the spinel structure at the end of the charging process due to oxygen loss. 3 Different experimental strategies have been employed to minimize these possible problems: change of precursors and synthesis conditions, 10, 11 change of size and morphology of the spinel particles, 12, 13 coating of the spinel particles to prevent manganese dissolution, [14] [15] [16] trapping of the Mn cation, 17 and doping of the spinel Li x Mn 2 O 4 with different cations and anions. 3, 7, 18 This last strategy is one of the most employed and cited in the current literature.
Cationic doping replaces small amounts of Mn 3+ ions (responsible for the Jahn-Teller effect) and thus minimizes the distortions that occur in the crystal structure of the spinel Li . 26 The excess of Li + ions in the spinel structure also promotes its doping. 27, 28 Additionally, anionic doping replaces small amounts of O 2- ions in the spinel framework and therefore minimizes the disproportionation reaction of Mn 3+ ions and the instability of the spinel structure due to oxygen loss (as mentioned above ions by other trivalent cations leads to increased ν values, as reported, e.g., by Amaral et al. 3 Therefore, the average manganese valence of doped spinels is a useful parameter because it can provide information on their effective doping and structural changes.
As far as we could ascertain, the most common approach to determine the average manganese valence of manganese oxides has been the Vetter and Jaeger's method, 32 essentially based in potentiometric titrations involving the 33 employs an acid solution of potassium iodide to reduce all Mn ions in the manganese oxides to Mn 2+ ions. In this process, iodine is formed and quantified by titration with a sodium thiosulfate solution, while Mn 2+ ions are determined by titration with an EDTA solution. Titration of iodine was also proposed by Licci et al. 34 to determine the average manganese valence in Mn-La complexes. Firstly, after the Mn-La complex is dissolved in dilute H 2 SO 4 , the Mn ions are oxidized to permanganate ions by adding an excess of solid bismuthate, followed by the addition of an iodide solution (also in excess) that converts all permanganate ions into Mn 2+ ions, yielding iodine. In a parallel step, the Mn-La complex is reacted directly with an iodide solution, also yielding iodine. In both cases, the iodine is amperometrically titrated with a thiosulfate solution, detecting the equivalent point by the dead-stop method. However, titrations involving the I 2 and I -species require total elimination of dissolved oxygen and refined pH control, as I -ions react with oxygen to form I 2 ; indeed, this reaction is the main source of error in iodometry. 35 Another methodology, which uses vanadium sulfate solutions, 36 has also been proposed to determine the average manganese valence of various cations in transition-metal oxides, including the spinel Li x Mn 2 O 4 , as reported by Okubo et al. 37 However, some materials are so difficult to dissolve that they have to be boiled in the vanadium solution for several days under reflux to attain their complete dissolution. Very recently, a new reaction headspace gas chromatographic (HS-GC) technique has been proposed to quantify the average valence of manganese in manganese oxides. 38 This method is based on the reaction between manganese oxides and sodium oxalate under acidic condition, when the CO 2 formed as a reaction product can be quantitatively analyzed by HS-GC.
Therefore, the main purpose of this article is to report on an alternative, friendlier methodology to determine the average manganese valence in manganese oxides (mainly pure and doped spinels) using atomic absorption spectrometry (AAS) and molecular absorption spectrophotometry (MAS). This novel methodology is based on the fact that the concentrations of Mn 2+ and Fe
2+
ions are easily quantified by the AAS and MAS techniques, respectively.
Experimental
The spinel Li 1.05 Mn 2 O 4 and the doped spinel Li 1.05 Mn 1.98 Al 0.02 O 3.98 S 0.02 used in the present work were in-house produced by a microwave-assisted solid-state reaction; details on the experimental setup as well as on the effects of synthesis parameters (e.g. precursor reactants, temperature, and time) can be found elsewhere. 39 In that process, Mn 3 O 4 , LiOH·H 2 O (Riedel-de Haen, 98%), Li 2 S (Aldrich), and Al 2 O 3 (Aldrich) were used as precursors. To obtain the reactant Mn 3 O 4 , ε-MnO 2 (also synthesized according to a procedure previously optimized in our laboratory) 40 was microwave-calcined during 5 min using the same experimental setup employed for the preparation of pure and doped spinels. 39 To prepare these spinels, the respective reactants were mixed in the same molar proportion of their stoichiometric formulas (Li 1 present well-defined stoichiometry, they were used to validate the here-proposed methodology to determine the average manganese valence of pure and doped spinels.
The structure of all reaction products was characterized by X-ray diffraction (XRD), using a RIGAKU diffractometer with CuKα radiation at 0.02° min -1 . The procedure to determine the average manganese valence consisted in directly transferring [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . In this case, the blank was a solution containing only NaCH 3 COO and 1,10-phenanthroline, obtained by adding 10 mL of aqueous 10% (m/m) NaCH 3 COO and 0.1% (m/m) 1,10-phenanthroline solutions to a 50 mL volumetric flask and completing its volume with deionized water. The AAS analyses were carried out using a Varian spectrometer (model spectrAA 50), operating with a Mn hollow cathode lamp at 279.5 nm. The MAS analyses were carried out using a Shimadzu spectrophotometer (model UV-1800), operating in the visible spectral region.
Results and Discussion

Structural analyses of the microwave-assisted reaction products
The XRD profiles obtained for the in-house synthesized manganese oxides are presented in Figure 1 (Figure 1b) , are consistent with their respective crystallographic patterns, indicating that these manganese oxides were obtained in their pure single phases.
Determination of the average manganese valence
Considering a manganese oxide in which the Mn oxidation state is "+ν", its Mn ions can be written as Mn ν+ , ) were calculated from their respective concentrations, which were obtained using the analytical curves presented in Figures 3a and 3b, respectively; both curves are linear, with excellent correlation coefficients (R 2 ):
A(λ = 510 nm) = 0.002
To check whether the here-proposed methodology works well, firstly the average manganese valence (ν) of Mn 2 O 3 and Mn 3 O 4 were determined, since both oxides present well-defined stoichiometry 42 and known theoretical values of ν; the same was done for the spinel Li 1.05 Mn 2 O 4 . In these oxides, Mn is present in three different oxidation states: +2, +3, and +4; 43 Table 1 ), its methodological suitability is once again evidenced.
Secondly, the here-proposed methodology was also applied in the determination of ν for the doped spinel Li 1 ). The analyses were carried out for two samples of this material, yielding ν values of 3.52 and 3.53. The relevant result to be here emphasized is the increase in the ν value when compared to that for Li 1 44 or to seek the optimum composition of a LiSn x/2 Mn 2-x O 4 spinel to enhance the cycling performance of the material in a lithium ion battery. 45 In the case of XAS, one possible example is its use in the determination of the average manganese oxidation of a fluorine-doped lithium manganese spinel oxide. 46 Finally, possible interferences in the here-proposed analyses need to be discussed. First, the presence of metallic ions, such as 41 47 Although the presence of any of those ions could decrease the accuracy of the analyses, the actual interference would be minimal as their quantity in doped spinels is significantly lower than that of manganese. Otherwise, the hereproposed methodology can be directly applied (without any interferential restrictions) in the analysis of the pure spinel Li x Mn 2 O 4 and spinels commonly doped with ions such as Al 3+ , Ga
3+
, and Fe 3+ .
Conclusions
The here-proposed methodology to determine the average manganese valence (ν) of manganese oxides, using spectrometric (AAS) and spectrophotometric (MAS) techniques, has been shown to be simpler and faster than those commonly employed. From the obtained mean (n = 3) value of ν for the stoichiometric oxides Mn 2 O 3 and Mn 3 O 4 (2.98 ± 0.01 and 2.66 ± 0.01, respectively), which are very precise, it can be unequivocally stated that this novel methodology, besides being friendly, is highly 
